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ABSTRACT 

Recent r e sea rch  on manual t r ack ing  w i t h  a k i n e s t h e t i c- t a c t u a l  (KT) 
d i s p l a y  sugges ts  t h a t  under app ropr i a t e  cond i t i ons  i t  may be a n  e f f e c t i v e  
means of providing v i s u a l  workload r e l i e f .  I n  o rde r  t o  b e t t e r  understand 
how KT t r ack ing  d i f f e r s  from v i s u a l  t r ack ing ,  both a  c r i t i c a l  t r ack ing  
t a s k  and s t a t i o n a r y  s ingle- axis  t r ack ing  t a s k s  were conducted wi th  and 
wi thout  v e l o c i t y  quickening. On t h e  c r i t i c a l  t r ack ing  t a sk ,  t h e  v i s u a l  
d i sp l ays  were supe r io r ;  however, t h e  KT quickened d i sp l ay  was approximately 
equal  t o  t h e  v i s u a l  unquickened d i sp l ay .  Mean squared e r r o r  s co res  i n  
t h e  s t a t i o n a r y  t r ack ing  t a s k s  f o r  t h e  v i s u a l  and KT d i sp l ays  were 
approximately equal  i n  t h e  quickened condi t ions ,  and t h e  desc r ib ing  
func t ions  were very  s i m i l a r .  I n  t h e  unquickened condi t ions ,  t h e  v i s u a l  
d i s p l a y  w a s  supe r io r .  Subjec ts  us ing  t h e  unquickened KT d i s p l a y  exhib i ted  
a low frequency lead- lag t h a t  may be  r e l a t e d  t o  sensory adapta t ion .  

INTRODUCTION 

The ques t ion  is  o f t e n  asked,  A r e  t h e  a i r c r a f t  of t h e  f u t u r e  t o  use 
only automated con t ro l ?  A r e  we a t  t h e  po in t  of us ing  only pushbutton 
inpu t s  i n t o  i n t e l l i g e n t  f l i g h t  c o n t r o l  c i rcu i t ry- - without  manual c o n t r o l  
a t  a l l- - the  u l t ima te  f l y  by wire?  Not today a t  least--even t h e  space 
s h u t t l e  has  a t r a d i t i o n a l  c o n t r o l  yoke (although t h e  t h r o t t l e s  a r e  non- 
e x i s t e n t  i n  t h i s  br ick- l ike  g l i d e r ) .  Thus manual t r ack ing  c o n t r o l  s t i l l  
has  i t s  p l ace  i n  today ' s  c u r r e n t  and envisioned a i r c r a f t .  

How do we provide information i n  t h e  cockpit?  P re sen t ly  v i a  two 
t r a d i t i o n a l  senses-- the eyes and ears--overburdened as they may be wi th  
t h e  bar rage  of information i n  t h i s  high speed, complex and heav i ly  used 
mode of t r a v e l .  The o t h e r  moda l i t i e s  of information input  a r e ,  of course,  
t h e  senses  of smell ,  t a s t e ,  and touch. While t h e  f i r s t  two (smell  and 
t a s t e )  a r e  c u r r e n t l y  imprac t i ca l  f o r  communication o r  c o n t r o l ,  some l i t t l e  
research  has  been devoted t o  touch as an  informat iona l  channel .  The bulk  
of t a c t i l e  r e sea rch  has  cen te red  on language f o r  t h e  b l i n d  (e.g. B r a i l l e ) ;  
however, some r e sea rch  dur ing  t h e  last decade has  addressed t h e  use  of 
touch (e.g., e lec t rocutaneous ,  v i b r a t o r y )  as a means f o r  compensatory 
t r a c k i n g  i n  a i r c r a f t  (e.g., a t t i t u d e ,  g l ides lope ) .  One of t h e  more 
succes s fu l  techniques has been a  k i n e s t h e t i c- t a c t u a l  (KT) d i s p l a y  (Figure- 
1) invented by Professor  Robert Fenton of The Ohio S t a t e  Univers i ty  



Department of E l e c t r i c a l  Engineering (Fenton, 1966; Fenton and Montano, 
1968). Simulator and i n f l i g h t  t e s t i n g  (Gilson and Fenton, 1974; Gilson,  
Dunn, and Sun, 1977) suggested cons iderable  promise f o r  t h i s  KT d i s p l a y  
a s  a  s u b s t i t u t e  f o r  v i s u a l  d i s p l a y s  of f l i g h t  c o n t r o l  information,  
p a r t i c u l a r l y  dur ing  per iods  of v i s u a l  d i s t r a c t i o n .  By present ing  
information t o  m u l t i p l e  modal i t ies ,  i t  may b e  poss ib l e  t o  i nc rease  a  
p i l o t ' s  o v e r a l l  workload c a p a b i l i t y .  For example, a recent  l abo ra to ry  
i n v e s t i g a t i o n  (Burke, Gilson, and Jagac inski ,  1980) of a two-handed 
t racking  t a s k  has  shown an  advantage f o r  a  combination of KT and v i s u a l  
d i sp l ays  over  a two-dimensional v i s u a l  d i sp lay .  
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Figure  1. Display- response r e l a t i o n s h i p  f o r  t h e  KT d i sp l ay .  
(Copyright 1979, Human Fac to r s ,  Vol. 21, p. 80) 

The c u r r e n t  s tudy  is  a n  at tempt  t o  analyze t h e  c h a r a c t e r i s t i c s  of 
the  KT d i s p l a y  and t h e  ope ra to r  i n  o rde r  t o  measure desc r ib ing  func t ions  
t h a t  may g e n e r a l i z e  a c r o s s  d i sp l ays .  Subjec ts  were f i r s t  p r a c t i c e d  on a 
c r i t i c a l  t r a c k i n g  t a s k  (Jex, McDonnell, and Phatak, 1966) u s ing  ST and 
v i s u a l  d i s p l a y s  wi th  and without  v e l o c i t y  quickening. Subjec ts  were then  
t r a n s f e r r e d  t o  a s t a t i o n a r y  t r ack ing  t a s k  involving e i t h e r  a r a t e  
c o n t r o l l e r  ( s i n g l e  i n t e g r a t o r  p l a n t )  o r  a  f i r s t- o r d e r  uns t ab le  system, and 
l i n e a r  desc r ib ing  func t ions  were der ived  from t h e i r  performance. The 
d i r e c t  and p r a c t i c a l  b e n e f i t  of t h i s  engineering/psychological approach 
is t o  p o i n t  o u t  f avo rab le  c o n t r o l  t a s k s  f o r  implementing t h e  t a c t u a l  
d i sp l ay ,  po in t  ou t  s i m i l a r i t i e s  and d i f f e rences  i n  t h e  ope ra to r ' s  u se  of 
v i s u a l  v e r s u s  t a c t u a l  d i sp l ays ,  and perhaps g ive  some i n s i g h t s  a s  t o  
d i s p l a y  c h a r a c t e r i s t i c  op t imiza t ion  f o r  f u t u r e  des igns .  



METHOD 

Subjec ts  

Thirty- two right-handed undergraduates were chosen on t h e  b a s i s  of 
a  p r e t e s t  descr ibed  below and then were assigned t o  one of e i g h t  experi-  
mental condi t ions .  Subjec ts  e i t h e r  rece ived  c r e d i t  f o r  an  undergraduate 
l abo ra to ry  requirement f o r  up t o  fou r  experimental s e s s i o n s  o r  were pa id  
$2.50 pe r  s e s s ion .  

Apparatus 

Visua l  and KT d i s p l a y s  were used w i t h  and wi thout  v e l o c i t y  quickening. 
The v i s u a l  d i s p l a y  cons i s t ed  of a 1 cm long h o r i z o n t a l  l i n e  t h a t  moved 
v e r t i c a l l y  on a Tektronix Type 602 CRT disp lay .  The c e n t e r  of  t h e  
d i s p l a y  was ind ica t ed  by a 1 nun x 1 8  mm s t r i p  of yellow tape.  F u l l  s c a l e  
w a s  24 cm, which corresponded t o  f3.76O of v i s u a l  angle .  The KT d i sp l ay  
w a s  b u i l t  i n t o  t h e  c y l i n d r i c a l  handle of t h e  c o n t r o l  s t i c k ,  and cons i s t ed  
of a servo- cont ro l led  s o l i d  r ec t angu la r  s e c t i o n  (1.25 cm x 2.2 crn x 3 .8  cm 
long)  s l i d i n g  i n  and ou t  of t h e  handle (Figure 1 ) .  Excursions from t h e  
f l u s h  s u r f a c e  of  t h e  c o n t r o l  handle i nd ica t ed  t h e  d i r e c t i o n  and magnitude 
of system e r r o r .  F u l l  s c a l e  w a s  fl cm.  For t h e  quickened d i s p l a y s  the  
r a t i o  of p o s i t i o n  t o  v e l o c i t y  w a s  1:l. 

The c o n t r o l  s t i c k  was a n  i s o t o n i c  l e v e r  arm t h a t  w a s  52 cm long from 
t h e  p ivo t  po in t  t o  t h e  c e n t e r  of t h e  KT d i sp l ay .  The c o n t r o l  s t i c k  moved 
i n  a v e r t i c a l  plane a t  t h e  l e f t  s i d e  of t h e  sea ted  s u b j e c t  and resembled 
a  h e l i c o p t e r  c o l l e c t i v e  con t ro l .  The range of angular  t r a v e l  was *lo0, ' 

with  20° above h o r i z o n t a l  r ep re sen t ing  t h e  n e u t r a l  c o n t r o l  p o s i t i o n .  The 
c o n t r o l  s t i c k  w a s  counterbalanced and had a nominal l e v e l  of f r i c t i o n  
s o  t h a t  no f o r c e  w a s  necessary t o  main ta in  any angular  pos i t i on .  
Approximately 250 gm of  f o r c e  was necessary t o  move t h e  s t i c k  from a n  
i n i t i a l l y  s t a t i o n a r y  pos i t i on .  

P r e t e s t  

E ight  groups of e i g h t  t o  t e n  s u b j e c t s  each were p r e t e s t e d  on a 
c r i t i c a l  t r ack ing  t a s k  (Jex,  e t  al. ,  1966) us ing  an  unquickened v i s u a l  
d i s p l a y  and a  small i s o t o n i c  c o n t r o l  s t i c k  t h a t  requi red  w r i s t  movements 
performed wi th  t h e  r i g h t  hand. The f o u r  s u b j e c t s  i n  each group wi th  t h e  
b e s t  performance over  t h e  l a s t  15  out  of  45 tr ials were chosen t o  cont inue 
i n  t h e  experiment. 

C r i t i c a l  Tracking 

The e i g h t  groups of f o u r  s u b j e c t s  performed 45 c r i t i c a l  t r ack ing  
trials per  day f o r  seven days. Subjec ts  s a t  i n  a 2 . 1  x  1 .5  m room wi th  
low ambient l i g h t  f o r  t h e  v i s u a l  d i s p l a y s  and i n  t o t a l  darkness  f o r  t h e  
KT d i sp l ays .  White n o i s e  heard through a headse t  masked aud i to ry  cues  
from t h e  KT d i s p l a y  servo- drive. On each t r i a l  s u b j e c t s  used t h e i r  
l e f t  hands t o  manipulate  a c o n t r o l  s t i c k  which resembled a  h e l i c o p t e r  
c o l l e c t i v e .  The c o n t r o l  s t i c k  g a i n  w a s  .56O of v i s u a l  ang le  f o r  t h e  v i s u a l  
d i s p l a y  and .15 cm f o r  t h e  KT d i s p l a y  per  lo of c o n t r o l  s t i c k  movement. 
The s u b j e c t s '  t a s k  w a s  t o  main ta in  c o n t r o l  of a  f i r s t  o rde r  uns t ab le  
system as its time constant -was progress ive ly  shortened over t h e  course  of 



a t r i a l .  No input  s i g n a l  was provided because t h e  s u b j e c t s '  manual 
uns teadiness  w a s  s u f f i c i e n t  t o  pe r tu rb  t h e  uns t ab le  system. The e r r o r  
s i g n a l ,  i . e .  any dev ia t ion  from zero  output ,  w a s  presented on one of fou r  
d i sp l ays :  two groups used a n  unquickened KT d i sp l ay ;  two groups used a 
quickened KT d i s p l a y ;  two groups used a n  unquickened v i s u a l  d i sp l ay ;  and 
two groups used a quickened v i s u a l  d i sp l ay .  For t h e  quickened condi- 
t i o n s ,  t h e  d i s p l a y  ga in  was halved i n  o r d e r  t o  keep t h e  d i s p l a y  range 
comparable t o  t h e  unquickened condi t ions .  For t h e  KT d i s p l a y  cond i t i ons  
a red  warning l i g h t  v i s i b l e  t o  both t h e  s u b j e c t s  and experimenter was 
turned on whenever s u b j e c t s  he ld  t h e  KT d i s p l a y  t i g h t l y  enough t o  impede 
i t s  movement. 

The i n v e r s e  of t h e  t ime cons tan t  of t h e  f i r s t  o rde r  system, A ,  w a s  
l i n e a r l y  increased  over  t h e  course  of a  t r ia l  a t  .05 r/s2 u n t i l  t h e  
s u b j e c t s  allowed t h e  e r r o r  s i g n a l  t o  reach  f u l l  s ca l e .  A t  t h a t  i n s t a n t  
t h e  t r i a l  w a s  terminated,  and t h e  va lue  of t h e  inve r se  t ime cons t an t ,  
r e f e r r e d  t o  as t h e  c r i t i c a l  roo t ,  Xc (Jex,  e t  a l . ,  1966) ,  was d isp layed  
t o  t he  s u b j e c t s  and recorded as t h e  performance measure. For t h e  
quickened d i s p l a y s  i t  was t h e  t r u e  system e r r o r ,  r a t h e r  than  t h e  d isp layed  
quickened e r r o r ,  which w a s  used t o  determine t h e  end of a  t r i a l .  The 
va lue  of X a t  t h e  s t a r t  of a  t r i a l  was chosen t o  be  approximately 1.5 r /s  
l e s s  than  t h e  va lue  of Xc on t h e  immediately preceding trials,  so  t h a t  
each t r i a l  l a s t e d  approximately 30 s. The t r i a l s  were administered i n  
t h r e e  b locks  of 15,  wi th  a  two-minute break  between blocks.  

S t a t i o n a r y  Tracking 

Following t h e  seven days of c r i t i c a l  t r ack ing ,  s u b j e c t s  were t rans-  
f e r r e d  t o  t h r e e  days of s t a t i o n a r y  t r ack ing .  Subjec ts  used compensatory 
d i s p l a y s  of t h e  same types  used i n  t h e i r  c r i t i c a l  t r ack ing  t a s k s ,  wi th  
t h e  except ion  t h a t  t h e  red  warning l i g h t  was omit ted from t h e  KT d i s p l a y  
cond i t i ons ,  and t h e  d i s p l a y  ga in  f o r  t h e  quickened cond i t i ons  w a s  no t  
halved. The system dynamics were e i t h e r  a s i n g l e  i n t e g r a t o r ,  1 . 5 / s ,  
o r  a  f i r s t - o r d e r  uns t ab le  system, 3.0/(s-1). The s t a t i c  ga in  of t h e  
c o n t r o l  s t i c k  was 1.41' of v i s u a l  ang le  o r  .375 cm of KT d i s p l a y  d isp lace-  
ment per  lo of c o n t r o l  s t i c k  movement f o r  t h e  1.51s system. The s t a t i c  
ga in  was twice  t h e s e  va lues  f o r  t h e  3.0/(s-1) system. The inpu t  s i g n a l  
cons i s t ed  of a  sum of n ine  sinewaves wi th  t h e  amplitudes of t h e  t h r e e  
lowest frequency sinewaves (.35, .73, 1 .08 r / s )  f i v e  t imes g r e a t e r  than 
t h e  ampli tudes of t h e  o t h e r  sinewaves. Sub jec t s  performed e i g h t  three-  
minute t r i a l s  per  day f o r  t h r e e  days. Af t e r  each t r i a l  s u b j e c t s  were t o l d  
t h e i r  i n t e g r a t e d  squared e r r o r  and received a  one-minute break  before  t h e  
next  t r i a l .  A $5 bonus was given t o  t h e  s u b j e c t  i n  each d i s p l a y  group 
having t h e  lowest  e r r o r  s c o r e  on t h e  l a s t  day of t h e  experiment.  

RESULTS 

C r i t i c a l  Tracking 

The median va lue  of  Xc was c a l c u l a t e d  f o r  each b lock  of t r i a l s  f o r  
each s u b j e c t  on t h e  seventh day of c r i t i c a l  t racking .  The mean of t h e s e  
medians f o r  each group of s u b j e c t s  i s  shown i n  F igure  2. An a n a l y s i s  of 
va r i ance  performed on t h e  mean Xc s co re s  revea led  s t a t i s t i c a l l y  s i g n i f i c a n t  
main e f f e c t s  of  sensory modal i ty  and quickening (2 < .01) w i th  no 



s i g n i f i c a n t  i n t e r a c t i o n s .  There w a s  a l s o  no e f f e c t  of t h e  system dynamics 
t o  which t h e  s u b j e c t s  were ass igned  f o r  t h e  subsequent s t a t i o n a r y  
t racking.  These r e s u l t s  c l o s e l y  resemble those  obta ined  by Jagac inski ,  
Mi l le r ,  and Gilson (1979) w i t h  t h e  except ion t h a t  performance with t h e  
KT d i s p l a y s  is  no t i ceab ly  b e t t e r  given t h i s  ex t ens ive  amount of p rac t i ce .  
Based on t h e s e  r e s u l t s ,  one would expect t h e  v i s u a l  d i sp l ays  t o  be b e t t e r  
than o r  equal  t o  t h e  KT d i s p l a y s  f o r  t h e  s t a t i o n a r y  t racking .  
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Figure 2. 
Groups connected by dashed and s o l i d  l i n e s  r e s p e c t i v e l y  t r a n s f e r r e d  t o  
s t a t i o n a r y  t r a c k i n g  wi th  system dynamics 1.51s and 3.0/(s-1).  
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The mean o f  each s u b j e c t ' s  mean squared e r r o r  s c o r e s  normalized by 
mean squared inpu t  f o r  t h e  t h i r d  day of s t a t i o n a r y  t r ack ing  a r e  shown 
i n  F igure  3. One s u b j e c t  who used a n  unquickened KT d i s p l a y  was unable 
t o  perform t h e  s t a t i o n a r y  t r a c k i n g  t a s k  wi th  3.0/(s-1) dynamics, and 
t h i s  s u b j e c t  is  omi t ted  from Figure  3 and a l l  subsequent ana lyses .  

Unquickened Quickened 
C r i t i c a l  t r ack ing  sco res  f o r  e i g h t  groups of four  s u b j e c t s .  

Quickened Displays.  For  t h e  quickened d i s p l a y  cond i t i ons ,  i nd iv idua l  
d i f f e r e n c e s  among s u b j e c t s  were r e l a t i v e l y  s m a l l ,  and d i f f e r e n c e s  between 
the  v i s u a l  and KT d i s p l a y s  were small .  An a n a l y s i s  of va r i ance  revealed 
no s t a t i s t i c a l l y  s i g n i f i c a n t  main e f f e c t s  o r  i n t e r a c t i o n s  (E > . l o ) .  A 
desc r ib ing  func t ion  w a s  der ived  f o r  each s u b j e c t  by c a l c u l a t i n g  Qic/Qie 
a t  each of  t h e  n i n e  input  f requencies  (McRuer, Graham, Krendel, and 
Reisener ,  1965).  Qie i s  t h e  c r o s s  s p e c t r a l  d e n s i t y  of input  and displayed 
e r r o r ,  and Qi, i s  t h e  c r o s s  s p e c t r a l  d e n s i t y  of i npu t  and c o n t r o l  s t i c k  
pos i t i on .  The mean ampli tude r a t i o  and mean phase s h i f t  were c a l c u l a t e d  
from fou r  trials of Day 3 of s t a t i o n a r y  t racking .  These means a r e  
d isp layed  as c i r c l e s  i n  F igure  4 f o r  t h e  fou r  s u b j e c t s  having t h e  lowest  
mean squared e r r o r  i n  t h e i r  r e s p e c t i v e  d i s p l a y  cond i t i ons .  

7 8 



Stationary Tracking - Day 10 - -  - 
Figure 3. Mean squared e r r o r  normalized by mean squared input  f o r  t h i r t y-  
one individual  sub jec t s .  The symbols . represent  the  same display  condit ions 
as i n  Figure 2 .  
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Figure 4. Linear  t r a n s f e r  functions f o r  t h e  sub jec t s  with t h e  lowest mean 
squared e r r o r  i n  each of four  quickened display  condit ions.  The c i r c l e s  
i n d i c a t e  t h e  da ta  points ,  and the  s o l i d  l i n e s  represent  a n a l y t i c  approxi- 
mations cons i s t ing  of a  low frequency l a g ,  a  high frequency l ead ,  a  gain, 
and a t i m e  delay.  



These desc r ib ing  func t ions  a r e  w e l l  approximated by a low frequency 
l ag ,  a  h igh  frequency l ead ,  a ga in ,  and a time delay .  Values of t h e s e  
parameters were chosen t o  maximize t h e  propor t ion  of va r i ance  accounted 
f o r  among t h e  amplitude r a t i o s  p l u s  t h e  p ropor t ion  of va r i ance  accounted 
f o r  among t h e  phase s h i f t s .  For each s u b j e c t  i n  F igure  4, t h e  l i n e a r  
t r a n s f e r  func t ion  r e s u l t i n g  from t h i s  parameter search  i s  r ep resen ted  as 
a s o l i d  l i n e .  For fou r  of t h e  s i x t e e n  s u b j e c t s  t h e  h igh  frequency l e a d  
w a s  e f f e c t i v e l y  absent .  These fou r  s u b j e c t s  were d i s t r i b u t e d  a c r o s s  
t h r e e  experimental condi t ions ,  and a l l  of t h e s e  s u b j e c t s  had t h e  h ighes t  
o r  next  t o  h ighes t  mean squared e r r o r  i n  t h e i r  r e s p e c t i v e  groups. Across 
t h e  quickened condi t ions ,  t h e  v i s u a l  and KT desc r ib ing  func t ions  were very  
s i m i l a r  . 

The propor t ion  of va r i ance  of each s u b j e c t ' s  c o n t r o l  t h a t  w a s  l i n e a r l y  
c o r r e l a t e d  wi th  t h e  inpu t  was est imated as 

9 
3 - 

p2 = Z % I ~ ( U ~ )  [ Q ~ ~ ( ~ I ~ ) / @ ~ ~ ( U ~ ) ] ~ /  c2 (McRuer, e t  a l . ,  1965).  1(un)  is  t h e  
n = l  

amplitude of t h e  inpu t  sinewave a t  frequency wn, Qic(wn) is  t h e  c r o s s  
s p e c t r a l  d e n s i t y  of i npu t  and c o n t r o l  a t  t h i s  input  frequency, Qii(UnQs 
t h e  a u t o  power s p e c t r a l  dens i ty  o f  t h e  input  a t  t h i s  frequency, and C is 
t h e  mean squared con t ro l .  The mean va lue  of p2 averaged a c r o s s  s u b j e c t s  
ranged from .86 t o  .94 f o r  t h e  four  quickened d i s p l a y  condi t ions .  

The desc r ib ing  func t ion  f o r  t h e  KT d i s p l a y  w a s  c a l c u l a t e d  from t h e  
command s i g n a l  t o  t h e  d i sp l ay  and t h e  d i s p l a y  response a s  i nd ica t ed  by a 
follower- potentiometer coupled t o  t h e  s l i d e .  This  desc r ib ing  func t ion  
w a s  w e l l  approximated by a f i r s t- o r d e r  l a g  wi th  a b reak  frequency of 
18.5 r/s and a  time de lay  of . O 1  s. The d i s p l a y  l a g  i s  n o t  included i n  
t h e  desc r ib ing  func t ions  f o r  t h e  KT s u b j e c t s  i n  Figure 4. 

Unquickened Displays.  For t h e  unquickened d i s p l a y  cond i t i ons ,  t h e r e  
were l a r g e  ind iv idua l  d i f f e r e n c e s  i n  mean squared e r r o r  wi th  t h e  3.0/(s-1) 
dynamics, which precluded us ing  an a n a l y s i s  of var iance .  Therefore,  a  
t - t e s t  w a s  used f o r  t h e  1.51s system, and a non-parametric t e s t  w a s  used - 
f o r  t h e  h i g h l y  v a r i a b l e  d a t a  w i t h  t h e  3.0/(s-1) system. A t - t e s t  comparing 
t h e  v i s u a l  and KT d i s p l a y s  with t h e  1.51s dynamics i n d i c a t e d  a  tendency 
f o r  t h e  v i s u a l  d i s p l a y  t o  y i e l d  lower mean squared e r r o r  (t = 2.2, p  < .05, 
one- ta i led)  . For t h e  3 . O /  (s-1) dynamics, i f  one ignores  t h e  s i n g l e o u t l i e r  
i n  t h e  v i s u a l  condi t ion ,  then a l l  t h r e e  of t h e  remaining v i s u a l  s u b j e c t s  
performed b e t t e r  than  t h e  t h r e e  KT sub jec t s .  A Mann-Whitney U- test  i n d i-  
c a t e s  t h a t  t h i s  r e s u l t  is  a l s o  s t a t i s t i c a l l y  s i g n i f i c a n t  (1 =-0, p = .05, 
one t a j  l e d ) .  

The median amount of c o n t r o l  used by t h e  groups of s u b j e c t s  w i t h  t h e  
unquickened d i sp l ays  ranged from 3.32 t o  6.76 r o o t  mean squared degrees of 
s t i c k  movement. This  amount of  c o n t r o l  i s  cons iderably  g r e a t e r  than  f o r  
t h e  groups o f  s u b j e c t s  w i t h  t h e  quickened d i s p l a y s ,  whose median r o o t  mean 
squared c o n t r o l  ranged from 1.49 t o  2.50 degrees.  For t h e  unquickened 
d i sp l ays ,  t h e  p ropor t ion  of va r i ance  i n  t h e  c o n t r o l  movements l i n e a r l y  
c o r r e l a t e d  w i t h  t h e  i n p u t  f requencies  was cons iderably  l e s s  than  f o r  t h e  
quickened d i sp l ays .  For t h e  1.51s dynamics, t h e  mean va lue  of  p 2  was 
.69 f o r  t h e  unquickened v i s u a l  d i sp l ay  and .42 f o r  t h e  unquickened KT 
d i sp l ay .  Inspec t ion  of power s p e c t r a  of t h e  c o n t r o l  movements of s u b j e c t s  
u s ing  t h e  KT d i s p l a y  revealed from one t o  t h r e e  s t r o n g  peaks occurr ing  a t  



non-input f requencies  i n  a reg ion  from approximately 3 t o  7 r /s .  Corres- 
ponding peaks were sometimes p re sen t ,  bu t  cons iderably  sma l l e r  i n  t h e  
c o n t r o l  s p e c t r a  of s u b j e c t s  u s ing  t h e  v i s u a l  d i sp lay .  This  c o n t r o l  
a c t i v i t y  may r ep resen t  r e l ay- l ike  c o n t r o l  superimposed on more nea r ly  
l i n e a r  t r a c k i n g  behavior.  For t h e  3.0/(s-1) dynamics, t h e  mean va lue  of 
p2 was .68 f o r  t h e  unquickened v i s u a l  d i sp l ay  and .69 f o r  t h e  unquickened 
KT d i sp l ay .  There was some evidence of peaks occurr ing  i n  t h e  c o n t r o l  
s p e c t r a  a t  non-input f requencies  f o r  t h i s  KT group, b u t  t hese  peaks were 
much smal le r  than wi th  t h e  1.51s dynamics. 

Describing func t ions  f o r  t h e  s u b j e c t s  wi th  t h e  lowest mean squared 
e r r o r  i n  t h e i r  r e spec t ive  unquickened d i sp l ay  condi t ions  a r e  shown a s  
c i r c l e s  i n  F igure  5 .  The d a t a  a r e  we l l  approximated by l i n e a r  t r a n s f e r  
func t ions  c o n s i s t i n g  of a  low frequency l a g  and l ead ,  a  high frequency 
second-order l a g ,  a  ga in ,  and a  t ime de lay .  Subjec ts  us ing  t h e  KT d i sp l ay  
gene ra l ly  exh ib i t ed  l e s s  phase l a g  a t  t h e  t h r e e  lowest f requencies .  This 
d i f f e r e n c e  from t h e  v i s u a l  d i sp l ay  condi t ions  can be  modeled as an  addi-  
t i o n a l  lead- lag f o r  t h e  KT group. The desc r ib ing  func t ion  f o r  t h e  e l ec t ro-  
mechanical KT d i s p l a y  i t s e l f  was t h e  same a s  i n  t h e  quickened condi t ions .  
The KT d i s p l a y  l a g  i s  n o t  included i n  t h e  desc r ib ing  func t ions  of t h e  KT 
s u b j e c t s  i n  Figure 5. 
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Figure  5 .  Linear  t r a n s f e r  func t ions  
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f o r  t h e  s u b j e c t s  wi th  t h e  lowest mean 
squared e r r o r  i n  each of four  unquickened d i s p l a y  condi t ions .  The c i r c l e s  
i n d i c a t e  t h e  d a t a  po in t s ,  and t h e  s o l i d  l i n e s  r ep re sen t  a n a l y t i c  approxi- 
mations c o n s i s t i n g  of a low frequency l a g  and l ead ,  a  h igh  frequency 
second-order l a g ,  a  ga in ,  and a time delay.  

DISCUSSION 

The quickened v i s u a l  d i sp l ays  y i e lded  b e t t e r  performance than  t h e  
quickened KT d i s p l a y s  i n  t h e  c r i t i c a l  t a sk ,  bu t  t h e  two d i s p l a y s  y ie lded  
approximately equal  performance i n  t h e  s t a t i o n a r y  t r ack ing  t a s k s .  The 
r e s u l t s  of  Burke et a l .  (1980) suggest  t h a t  t h e  d i f f e r e n c e  i n  c r i t i c a l  



t a s k  performance wi th  t h e  quickened d i s p l a y s  is p r imar i ly  due t o  t h e  
electro- mechanical  l a g  of t h e  KT servo- drive.  It may b e  t h a t  wi th  
i n c r e a s i n g l y  uns t ab le  systems o r  wi th  inpu t  s i g n a l s  of h ighe r  bandwidth 
t h e  s t a t i o n a r y  t r ack ing  r e s u l t s  would a l s o  r e f l e c t  t h e  o rde r ing  found i n  
t h e  c r i t i c a l  t a sk .  However, t r ack ing  s imula t ions  based on t h e  desc r ib ing  
func t ions  of s u b j e c t s  wi th  t h e  KT l a g  removed from t h e  system suggest  
t h a t  t h e  electro- mechanical  l a g  con t r ibu ted  l i t t l e  t o  t h e  obta ined  e r r o r  
s c o r e s  i n  t h e  quickened KT condi t ions .  These s t a t i o n a r y  t r ack ing  t a s k s  
involved r e l a t i v e l y  l i t t l e  c o n t r o l  movement, t h e  d i s p l a y  moved r e l a t i v e l y  
r a p i d l y  due t o  t h e  quickening, and s u b j e c t s '  behavior  w a s  s t r o n g l y  
l i n e a r l y  c o r r e l a t e d  wi th  t h e  inpu t  s i g n a l .  The desc r ib ing  func t ions  were 
w e l l  approximated by a low frequency l a g ,  a h igh  frequency l ead ,  and a  
t i m e  de lay ,  and t h e r e  was s u r p r i s i n g l y  l i t t l e  d i f f e r e n c e  i n  t h i s  p a t t e r n  
between moda l i t i e s .  

For t h e  unquickened d i sp l ays ,  s u b j e c t s  performed b e t t e r  w i th  t h e  
v i s u a l  d i s p l a y  i n  t h e  c r i t i c a l  t a s k  and i n  t h e  s t a t i o n a r y  t r ack ing  t a s k s  
as we l l .  Tracking s imula t ions  suggest  t h a t  t h e  electro- mechanical  KT 
d i s p l a y  l a g  con t r ibu ted  l i t t l e  t o  t h e  e r r o r  s co res  f o r  t h e  1 .5 /s  system, 
b u t  may account  f o r  approximately h a l f  t h e  d i f f e r e n c e  i n  e r r o r  s co res  
between KT and v i s u a l  unquickened d i s p l a y s  wi th  t h e  3.0/(s-1) system. 
This  s t a t i o n a r y  t r a c k i n g  involved a good d e a l  of c o n t r o l  movement, t h e  
d i s p l a y s  moved more slowly than  t h e  quickened d i sp l ays ,  and s u b j e c t s '  
behavior  w a s  much less l i n e a r l y  c o r r e l a t e d  wi th  t h e  inpu t .  The desc r ib ing  
func t ions  were w e l l  approximated by a low frequency l a g  and l ead ,  a  h igh  
frequency second-order l a g ,  and a  t ime delay.  Di f fe rences  between t h e  
v i s u a l  and KT desc r ib ing  func t ions  a t  low f requencies  were w e l l  approxi- 
mated by a n  a d d i t i o n a l  lead- lag f o r  t h e  KT desc r ib ing  func t ions .  This  
p a t t e r n  may b e  i n d i c a t i v e  of a  kind of r ap id  sensory  adap ta t ion  (Milsum, 
1966) i n  t h e  k i n e s t h e t i c- t a c t u a l  sensory system t h a t  is  no t  p re sen t  i n  
t h e  v i s u a l  system. I n  o t h e r  words, t h e  KT sensory system may be r e l a t i v e l y  
more s e n s i t i v e  t o  v e l o c i t y  than  p o s i t i o n  s t i m u l i ,  and t h i s  f a c t o r  probably 
con t r ibu ted  t o  t h e  d i f f e r e n c e s  i n  e r r o r  s co res  w i th  t h e  unquickened 
d i sp l ays .  

A d i s p l a y  technique t h a t  might enhance v e l o c i t y  cues and/or  reduce 
n o n- l i n e a r i t i e s  i n  t h e  KT sensory  system i s  t o  add a  h igh  frequency, low 
ampli tude v i b r a t i o n  t o  t h e  KT d i sp l ay .  The frequency would have t o  be 
high enough t h a t  t h i s  s i g n a l  would n o t  be  confused wi th  e r r o r  c o r r e l a t e d  
wi th  t h e  input  s i g n a l .  Whether t h i s  technique does i n  f a c t  improve 
performance wi th  t h e  unquickened KT d i s p l a y s  remains t o  be  t e s t e d .  

I n  summary, t h e  p re sen t  experiments have shown t h a t  w i th  quickened 
d i s p l a y s  and a  low input  bandwidth t r ack ing  performance is approximately 
equ iva l en t  wi th  v i s u a l  and KT d i s p l a y s  f o r  a s i n g l e  i n t e g r a t o r  and f i r s t -  
order  u n s t a b l e  systems. With unquickened d i s p l a y s ,  t h e  v i s u a l  modality 
is supe r io r .  This  s u p e r i o r i t y  may be  due t o  t h e  KT modality being r e l a-  
t i v e l y  more s e n s i t i v e  t o  v e l o c i t y  r a t h e r  than  p o s i t i o n  cues as w e l l  a s  
t o  t h e  electro- mechanical  l a g  i n  t h e  KT d i sp l ay .  
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